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CREATING REFRACTIVE INDEX CHANGES IN GLASS BY UP-CONVERSION 

OF RARE EARTH IONS 

BACKGROUND OF THE INVENTION 

Field of the Invention 

[001] The invention relates generally to methods for creating refractive index 
changes in substrates and waveguides, and more particularly, to methods for creating 
refractive index changes by up-conversion of rare earth ions. 

Technical Background 

[002] Creating refractive index changes in substrate materials, such as glass, is a 
very useful process that may be used to create waveguide structures. In addition to creating 
the waveguide, it is also useful to modify the refractive index profile of an existing 
waveguide (e.g. optical fiber) to make grating structures. Alternatively, modifying the 
refractive index profile may be used as an optical storage medium, as used in producing 
holographic j^^g^g example. 

1003] Presently, refractive index changes in optical fiber are created by a number of 
conventional processes. One such technique utilizes two photon absorption of blue (e.g. 
488nm) light fi-om an Argon ion laser. The blue photons are absorbed by the glass. The 
absorption of the photons by the glass generates refractive index changes in the glass. The 
manufacture of very long gratings (e.g. meters in length) may be well suited by this technique 
since the exposure occurs simultaneously along the whole fiber length. 

[004] This technique, however, is relatively expensive. High power blue lasers are 
required to cause a sufficient amount of photon absorption to obtain the desired change in the 
refiractive index to occur. Such lasers are generally very expensive, 

[005] Even when these expensive blue lasers are used, they are best suited to only 
certain types of optical fiber. Although silica fiber is transparent to blue light, standard fiber 
is highly multi-moded at blue photon wavelengths having a cutoff wavelength in the IR. 
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However, most practical applications would require the fiber to be single moded at the 
writing wavelength, hence requiring special fiber for this application. 

[006] Another technique utilizes ultra violet (UV) light that is absorbed by the glass 
creating defects in the glass, which generates the desired refi-active index changes. The UV 
light is commonly in the range of about 248 nm to about 193 nm. A dopant is often 
incorporated into a portion of the glass material (typically core material) to strongly increase 
the UV absorption to create refractive index changes. Common silica glass dopants include 
germanium, boron, tin, and cerium. For these dopants, absorption will generally be very 
strong, for example in the range of 0. 1 dB to about 1 00 dB per micron. 

[0071 The strong absorption results in limited penetration depth of the UV light. 
Consequently, conventional UV manufacturing techniques cannot propagate UV light along 
the optical fiber, as the penetration depth is not deep enough to propagate along the whole 
length of the optical fiber. Instead, conventional UV manufacturing techniques expose the 
side of the optical fiber , one section at a time. Side exposure is limited by the phase mask 
size which is usually less than 10 cm at best, and the UV beam diameter which determines 
penetration depth of the UV light. Thus conventional UV manufacturing techniques are only 
capable of creating refractive index changes in sections of less than 10 cm in length. To 
create a refractive index change in substrates longer than 1 0 cm, the entire setup must be 
moved to the corresponding next 10 cm section, realigned, and run again. As exposure to the 
UV light may take several hours to create the refractive index changes, long lengths of 
substrate carmot be manufactured quickly using a conventional UV light process. Further, 
moving the entire setup requires extremely careful setup to align the refractive index changes 
of the corresponding sections, or else the refractive index change will not be uniform 
throughout the optical fiber, and will not have the tolerances required for optical signal 
transmission. 

[008] Creating waveguide structures in bulk substrate materials can be achieved by a 
number of different mechanisms. Using light to directly create the refractive index change is 
either done by direct absorption of UV light into the bandgap of the material, which again 
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suffers from strong absorption and hence limited penetration depth, or very high order 
multiphoton absorption typically using high intensity short pulse (100 fsec) lasers. Very high 
order multiphoton absorption suffers from the expense and complication of the required laser 
sources, as well as the difficult control over the non-linear propagation of ultra short pulses 
through the substrate material, often resulting in non-optimized v^aveguides. 

SUMMARY OF THE INVENTION 

[009] One aspect of the present invention includes providing a method for creating 
refractive index changes in a substrate by irradiating the substrate with infrared (IR) radiation 
or visible light. Ultra-violet (UV) radiation is generated in the substrate responsive to the IR 
radiation such that the change in the refractive index of the substrate is generated responsive 
to the UV radiation. Preferably, the substrate includes a glass doped with rare earth ions. 
The rare earth ions may include at least Tm"^"^ ions. 

[010] Another aspect of the present invention is directed to a substrate including a 
substrate matrix material, at least one type of rare earth ion dopant in the matrix material, and 
at least one defect in the matrix material which affects a refractive index of the substrate, and 
which was created by ultra-violet (UV) radiation emission from the rare earth ion dopants 
responsive to infrared (IR) radiation. Preferably, the UV radiation is created by an up- 
conversion process that converts IR radiation or visible radiation to UV radiation. The 
substrate may include an optical fiber, whose core is doped with Tm"^^ ions, 

[01 1] Another aspect of the present invention includes a method of making a glass 
substrate including the steps of doping the glass substrate with fluorescent ions, and pumping 
infrared (IR) radiation or visible light radiation into the glass substrate. Ultra-violet (UV) 
radiation is generated in the substrate by the fluorescent ions responsive to the IR or visible 
radiation to create defects in the substrate such that a change in a refractive index is 
generated. Preferably, the step of pumping IR or visible radiation is performed by a 
semiconductor pump laser. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[012] The foregoing advantages and features of the invention will become apparent 
upon reference to the following detailed description and the accompanying drawings, of 
which: 

Fig, 1 is an energy level diagram of a Tm^"^ ion. 

Fig. 2 is a graph showing up-conversion fluorescence for various Tm"^"^ doped 

Fig. 3 is a graph showing the excitation spectra for two Tm^"^ doped glasses. 
Fig. 4 is a graph showing the wavelength absorption edge for three Tm 

[017] Fig. 5 A is a graph showing the measured change in transmission as a function 
of signal wavelength for Tm^^ doped Sb-silicate multi-moded fiber with a 4 |j,m core. 

[018] Fig. 5B is a graph showing the change in transmission as a function of signal 
wavelength for Tm"^^ doped Sb-silicate multi-moded fiber with a 3 jam core. 

[019] Fig. 6 is a graph showing the induced loss as a function of signal wavelength 
for Tm^"^ doped Sb-silicate fiber. 

[020] Fig. 7 is a graph showing the Gaussian beam intensity for an IR pump and the 
intensity profiles for three photon and five photon up-conversion 

[021] Fig. 8 is a graph showing the interference pattern along an Sb-silicate fiber for 
Tm^^ doped Sb-silicate fiber.. 

[022] Fig. 9 is a block diagram of a first embodiment according to the present 
invention. 



[013] 
[014] 

glasses. 
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DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS 

[023J Reference will now be made in detail to present embodiments of the invention. 
Wherever possible, the same reference numbers will be used throughout the drawings to refer 
to the same or like parts. 

1024] The present invention relates generally to creating refractive index changes in 
substrates. More specifically, the present invention provides a process for creating refractive 
index changes utilizing UV light by up-conversion of rare earth ions. 

[025] It has been determined that refractive-index changes can be created by 
propagating infrared radiation (IR) or visible light along the length of the substrate (e.g. 
optical fiber), which is converted to UV light by a dopant in the glass material. As is well 
known in the art, ions comprise multiple energy levels that may absorb and/or emit photons 
of light. Energy levels for Thulium ^"^ (Tm^^), one such ion, are shown in the energy diagram 
of Fig. 1 , As the inventor has discovered, Tm^*^ absorbs wavelengths in the range of about 
1000 imi to about 1250 nm, preferably 1060 nm, thereby promoting the ion from the 3H6 
energy level to the 3H5 energy level. Further, promotion up to the 3P0, 1D2, and 1G4 energy 
levels by up-conversion via further photon absorption (e.g., excited state absorption) is a 
phenomenon well known in the art with respect to various ions at specific wavelengths. The 
inventor has discovered that as an excited Tm^"^ ion tries to return from the excited states to 
the "normal" 3H6 energy level, it emits UV photons at about 290 nm for 3P0, about 350 nm 
for 1D2, and about 470 nm for 1G4. Thus UV light at about 290 nm, about 350 nm, and 
about 470 nm is generated by the excited Tm^"^ ion responsive to infrared (IR) radiation at 
about 1060 nm. 

[026] A first embodiment of a method for creating refractive index changes in a 
substrate is shown by the block diagram of Fig. 9. This first embodiment includes irradiating 
the substrate 20 with IR radiation. While an embodiment that uses IR radiation is described 
for illustrative purposes, it will be understood that other wavelength bands such as visible 
light can be used. In the illustrated embodiment, preferably the IR radiation propagates along 
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the length of the substrate 20. The dopants absorb the IR radiation and, as they try to return 
to a normal state, emit UV radiation. A local change in the refractive index of the substrate is 
caused by the UV radiation. 

[027] The substrate 20 is irradiated by at least one IR light emitting device 10. The 
device 10 generates IR radiation with at least one pre-selected wavelength that generates a 
population up-conversion in the substrate 20, Preferably, the IR radiation contains at least 
one wavelength in the range of about 600 nm to about 1500 nm, more preferably at least one 
wavelength in the range of about 1000 nm to about 1250 nm, and most preferably at least a 
wavelength of about 1060 nm. The inventor has discovered that a low power cw IR source of 
about 300 mW at about 1060 nm generates sufficient IR radiation for creating a refractive 
index change in a 4^m diameter optical fiber 1 meter in length. Further, more than one IR 
wavelength may be used to promote up-conversion to specific energy levels depending on the 
desired parameters in the optical fiber, and improve the speed of creating the refiractive index 
changes. Low power cw IR sources are substantially less expensive than blue power lasers 
and short pulse (lOOfsec) high energy lasers, thereby reducing the manufacturing cost of 
optical fibers formed according to the present invention. Further, due the low operating 
power of low power cw IR sources, the present invention does not suffer from non-linear 
interaction with the host materials as occurs in short pulse (lOOfsec) high energy laser 
schemes. 

[0281 A typical substrate 20 comprises a glass doped with rare earth ions to facilitate 
up-conversion emission of UV light responsive to IR radiation or visible light. Typical rare 
earth ion dopants include one or more of Pr^^ Er^% Eu^^ Nd^"", Ho^^, Sm^"", Tb^^, and Dy^"" 
ions. Preferably, the rare earth ion dopant comprises Tm*^"*" ions. Other fluorescent ions (not 
just rare earth ions) may also be used, where the fluorescent ions emit electromagnetic 
radiation, especially of UV light, stimulated by the absorption of IR or visible radiation and 
persisting as long as the radiation is continued. The choice of ions used may be chosen so 
that up-conversion is characterized by an emitted radiation of a wavelength shorter than the 
pump wavelength. Where an index of refraction change is desired to be generated by 
propagation of emitted UV radiation, the pump wavelength can be chosen to be longer than 
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UV radiation. Typical glass compositions include Sb-silicate glass, germanate glass, and 
tellurite glass. The inventor has also found that this process can be used to create waveguides 
in other substrate 20 materials, such as polymers. 

[029] By way of example, in a case where a Tm^"^ dopant is used, the IR radiation 
increases the 3F4 level population of the Tm^"^ ions. At least one of the 1D2 level population 
and the 3P0 level population of the ions is increased by up-conversion of the 3F4 level 
population, resulting in the ion emitting UV radiation. The UV radiation creates defects in 
the substrate which cause a change in the refractive index of the substrate. 

[030] Examples of fluorescence at UV wavelengths of Tm"^^ in various glass 
materials are shown in Fig. 2. Germanate glass, Sb-silicate glass, and tellurite glass were 
doped with Tm^^ ions. The Tm^"^ ions were excited by a low power 1 120 nm IR light 
emitting device. This device was used because the strongest absorption for Tm^"*" ions occurs 
at 1 120 nm. Fig. 2 shows the highest order up-conversion fluorescence at 290nm for 
germanate, 360nm for Sb-silicate and 480nm for tellurite glasses respectively. Thus, Fig. 2 
clearly demonstrates generation of UV light from the Tm^"^ ions by up-conversion of 
absorbed IR radiation. 

[031] The glass materials absorb the wavelengths of UV light generated by the Tm"^^ 
ions. The graph of Fig. 4 shows the glass absorption edges occur at about 280nm for 
germanate, about 340nm for Sb-silicate and about 380nm for tellurite glasses. Hence only 
the 290nm fluorescence is strongly absorbed in the Sb-silicate glass, both the 290nm and 
360nm are strongly absorbed in the tellurite (leaving the 480nm) w^hilst none are strongly 
absorbed in the germanate. In addition, Fig. 3 shows that the Sb-silicate glass demonstrates 
UV absorption from below about 350 nm, whereas the germanate glass absorption edge is 
nearer 300 nm. The absorption of the UV light by the glass materials creates refractive index 
changes in the respective glass materials. 

[032] Glasses may undergo changes to their optical properties when exposed to UV 
light, one possible result being the creating of permanent defects within the glass structure. 
This process is often accompanied by a significant change in the glass transmission spectrum, 



Attorney Docket No.: 064951/0180 

(SP02-026) 



particularly in the UV/visible region. Whether this process occurs is strongly dependent on 
the glass composition and the particulai* details of the glass processing. However in an 
optimized glass, it is possible to induce a significant refractive index change in the glass 
through the creation of these defects, a well-known phenomenon expressed through the 
Kramers-Kronig relationship. This index change may be used in the formation of waveguide 
structures and in writing gratings. 

[033] Fig. 8 shows the blue up-conversion fluorescence from a thulium doped Sb- 

silicate fiber, where we clearly see a periodic structure to the up-conversion fluorescence. 
The periodic intensity variation in the up-conversion fluorescence arises from the interference 
of the pump modes propagating due to the multi-mode nature of the fiber. 

[034] Figs. 5A, 5B, and 6 show the affect of the refractive index changes caused by 
the present invention. Specifically, Figs. 5 A and 5B show the growth of a grating within the 
core of the optical fiber. The induced loss spectrum shows the growth of an exponential like 
tail decreasing in magnitude at longer wavelengths (the induced loss tail increases into the 
D visible and UV). Superimposed on this is a series of sharp peaks (easily lOdB peak to peak) 

almost periodic in wavelength. This structure arises from the periodic intensity variation seen 
in the up-conversion fluorescence shown in Fig. 8, which in turn has created a spatial 
modulation in the density of UV induced defects. The associated refractive index change 
also has a periodic structure determined by the pump radiation interference pattern, showing a 
formed grating with a period corresponding to the up-conversion fluorescence of Fig. 8, In 
particular, induced loss in dB/m, indicating the presence of a refractive index change, is 
shown for a Sb-silicate glass fiber 1 meter long with a grating structure written in a multi- 
mode 4fim core (Fig. 5 A), with a grating structure and a 3|Lim core (Fig. 5B) and without a 
grating structure in Fig. 6. 

[035] Each of Fig. 5 A, 5B, and 6 show that induced loss and associated refractive 
index changes occur due to the present invention. The induced loss is due to semi-permanent 
defects in the substrate 20 caused by the glass absorbing UV radiation. A periodic 
modulation of the refractive index change is set up in these fibers by the intensity modulation 
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of the pump radiation due to interference of the modes in the fiber (i.e. a single mode fiber 
would not have this periodic index modulation nor the grating structure shown in Figs. 5A 
and 5B). This is more clearly shown in Fig. 6, where the loss spectrum for the defects (e.g. 
not a grating and a defect spectrum) is shown for comparison. The actual nature of the 
defects will depend strongly on the substrate material (e.g., the glass or polymer composition) 
as well as the details of the processing of the glass. By way of example but not by way of 
limitation, defects may include Ge E' centers in a germanate glass. As would be readily 
apparent to one skilled in the art, other defects are possible depending on the material. 

[036] The present invention also works to create local refractive index changes in 
organically modified photopolymerizable glasses, a class of composite materials where a 
photoinitiator and monomer are dispersed into the glass matrix during a melting process. 
Upon exposure to UV/visible light, the polymerization process proceeds and can result in 
large local refractive index changes given the correct composition of glass matrix and 
resulting polymer. This phenomenon is described in Pavel Cheben, A Photopolymerizable 
Glass With Diffiaction Efficiency Near 100% For Holographic Storage, Applied Physics 
Letters, Vol. 78 No. 1 1 (2001), which is incorporated by reference herein in its entirety. The 
thulium ion up-conversion process can be used to create enough visible/UV light to stimulate 
the local polymerization process and hence result in a local index change. In regions where 
the IR pump light intensity is less than a predetermined value (e.g. outside the focal spot), the 
polymerization process would not proceed. 

[0371 The present invention can create refractive index changes in less time than a 
conventional UV technique. Each of Figs. 5A and 5B shows the induced loss measured 
immediately after various exposure times. Exposure of the optical fiber to IR radiation for 
only a couple of hours effectively created the refractive index change along the 1 meter 
optical fiber, dramatically reducing the manufacturing times when compared to conventional 
UV techniques requiring several hours of exposure per 10 cm section. Fig. 5 A fiirther shows 
that a refractive index change created by the present invention is semi-permanent, i.e., that 
the refi-active index change was present three days after being formed according to the 
present invention. 
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[038] Fig. 6 shows the refractive index change with and without a superimposed 
grating structure. Fig. 6 shows the induced loss measured on multi-mode (grating formatted) 
and single-mode (no grating), the loss spectrum directly attributable from the refractive index 
change in the optical fiber. This refractive index change will typically have a magnitude of 
about 0,001 to about 0.01. 

[039] Another advantage of the present invention derives from the pump intensity (I) 
dependence of the up-conversion process. For example^ a three step process will normally 
follow and a five step process I^. An example of this is shown in Fig. 7, where the 
Gaussian beam intensity for the IR pump is shown, as well as the intensity profiles for three 
photon and five photon up-conversion. The smaller area defined by the up-conversion 
process will give rise to a more localized refractive index change, offering an advantage in 
high density optical memory applications. 

[040] The present invention allows for more precise control of the location and 
magnitude of changes in the refractive index. The inventor has found that up-conversion of 
IR radiation to create refractive index changes involves a refractive index change in a more 
concentrated region than two photon absorption of blue light despite the longer writing 
wavelength. This concentration (localization) is at least partially attributable to the 
absorption of the UV emission by the glass in close physical proximity to the excited ion 
dopants. Typically, two photon absorption of blue light does not utilize ion dopants, as 
dopants are not required to increase the absorption of the blue light. Therefore, the refractive 
index change caused by two photon absorption of blue light is concentrated in the region of 
exposure. The inventor has found that the present invention can benefit from concentrating 
the ion dopants in a region where a high degree of refractive index change is sought, which 
allows an unprecedented control over the location and rate of change of the refractive index 
changes created in the substrate 20. Concentrated refractive index writing allows for the 
creation of high-density optical storage devices utilizing the present invention. 

[041] The present invention allows for more precise control of the magnitude of 
changes in the refractive index changes by controlling the ambient temperature. Thus, the 
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ambient temperature may be selected to further control the up-conversion process, and is 
selected based on the desired refractive index parameters. Generally, an increase in ambient 
temperature weakens the refractive index change, and a decrease in ambient temperature 
sharpens the refractive index changes. The refractive index changes are typically semi- 
permanent, but may be removed by an appropriate heat treatment, the actual temperature 
depending on the substrate but usually approaching the transition temperature. Heat 
treatment allows for optical fibers with improperly formed refractive index changes to be 
reworked rather than discarded, improving the efficiency of the manufacturing process. 

[042] In contrast to the conventional two photon absorption technique, the present 
invention can be used to create refractive index changes in glasses with red-shifted absorption 
edges. For example, as shown in Fig. 4, tellurite (a red-shifted glass) absorbs the UV light 
emitted by Tm^"^ ions. Thus, the present invention provides the ability to make refractive 
index changes in glasses that could not be changed using the conventional two photon 
absorption technique. 

[043] Unlike conventional UV techniques, the present invention can be used to 
create refractive index changes in optical fibers longer than 10 cm with a single exposure. By 
way of example, the present invention has been used to create refractive index changes in 
4|iim optical fiber 1 meter long. Further, as IR sources are relatively inexpensive in 
comparison to high power blue lasers, the present invention can typically be implemented at a 
lower cost than two photon blue laser manufacturing techniques. 

[044] Thus, a method for creating refractive index changes in a substrate has been 
described according to the present invention. Many modifications and variations may be 
made to the techniques and structures described and illustrated herein without departing from 
the spirit and scope of the invention. Accordingly, it should be understood that the methods 
and apparatus described herein are illustrative only and are not limiting upon the scope of the 
invention. 
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